This paper discusses a feasible application of wide hoop spacing to reinforced concrete (RC) columns using mechanical splices for longitudinal bars to simplify and accelerate practical construction. Twenty-two RC columns with/without wide hoop spacing at mechanical splices were experimentally investigated in terms of the shear performance. First, a series of experiments on the application of the proposed hoop arrangement to shear-critical columns was conducted.
Introduction
The application of a mechanical coupler to screw thread bar jointing has steadily expanded in recent years because of its simple installation. However, there are some problems in the application of this type of jointing to reinforced concrete (RC) members. In general, the length of mechanical couplers is longer than the spacing between shear reinforcements; thus, the shear reinforcements must be placed on the couplers to satisfy the minimum spacing demand, as shown in Fig. 1a . Consequently, in the construction process, different sizes of hoops/stirrups must be considered on and off the couplers because they have a larger diameter than the longitudinal reinforcement. Moreover, in practical design, when the hoops/stirrups are placed on the couplers, the longitudinal reinforcements may be rearranged on the inner side to satisfy the minimum concrete cover demand, which results in a loss of flexural resistance. Therefore, it will be effective for both practical design and construction to intensively arrange the hoops/stirrups at both ends of the mechanical couplers, as shown in Fig. 1b , if its negative effects are appropriately evaluated.
The same type of hoop arrangement was proposed by Yoshino et al. (1996) , who applied it to precast concrete members with splice sleeve joints at the member ends. The behavior appeared to be affected by both shear and bending moments because the splice sleeve joints were placed at the member ends. In contrast, in the current study, mechanical couplers with relatively shorter lengths were installed in cast-in-place RC members beyond the plastic hinge regions, which may limit the negative effects on the shear performance. Sanada et al. (2011) applied the intensive stirrup arrangement to castin-place RC beams and experimentally verified the low shear performance reduction. This study focuses on the applicability of the intensive hoop arrangement to castin-place RC columns.
Application of the proposed hoop arrangement was predicted to reduce the shear strength of RC columns due to the resultant wide hoop spacing in the splice regions. Three major shear strength models were applied to evaluate the shear strength of columns in this study: the Japanese Design Guidelines (AIJ 1990) , the revised University of California, San Diego (UCSD) model (Kowalsky and Priestley 2000) , and the ASCE/SEI 41-06 model. These three models were chosen because they were able to consider the shear strength degradation due to flexural deformations.
In this study, the shear performance of RC columns with the intensive hoop arrangement, as proposed in Fig. 1b , was experimentally investigated to clarify its negative effects on shear performance. A series of experiments on shear-critical columns that adopted the proposed hoop arrangement was conducted to assess the shear strength evaluation method. The above models were applied to the experimental specimens to estimate the shear strengths. Thus, they were improved by new structural indices representing the negative effects due to the wide hoop spacing. Then, the proposed shear strength evaluation method was applied to design ductile columns and verified through a second series of experiments on the well-designed column specimens.
2. Experiments of shear-critical RC columns with wide hoop spacing at mechanical splices 2.1 Specimen design Sixteen shear-critical column specimens with a scale of 1/2 were prepared. The structural parameters of the specimens are shown in Table 1 . Eight columns (Nseries) were designed with continuous longitudinal reinforcements functioning as benchmark specimens, as shown in Fig. 2 . The other eight columns (M-series) were designed using mechanical couplers for jointing longitudinal reinforcements in which hoops are moved to the top and bottom ends of the couplers, as shown in Fig. 1b . All of the couplers in these columns were placed at the middle height to simulate typical construction conditions. All of the columns had cross-sectional dimensions of 425 mm x 425 mm. The experimental parameters included the absence or presence of coupler jointing, shear span-to-depth ratios of 1.0, 1.5, and 2.0, and shear reinforcement ratios of 0.3% 0.7% and 1.3% as shown in Table 1 . The typical details of the specimens are presented in Fig. 2 . The shape of the coupler used in the specimens is also provided in the same figure. ; and D is the cross-sectional depth of the column.
Loading system and program
A schematic view of the test set-up is shown in Fig. 3 . Displacement-controlled reversed cyclic loads were applied to the specimens using a horizontal jack under a constant axial load equal to 20% of the column compressive strength applied by two vertical jacks. The lateral loading was controlled by a rotation angle R (rad) and the ratio of lateral displacement to clear column height. The loading protocol had an initial cycle of R = 1/133, 1/100, and 1/67, as shown in Fig. 4 .
Experimental results

Failure process
The observed behavior of all specimens is summarized in Table 2 . All specimens exhibited the shear failure mode. A comparison of the failure processes between the specimens without and with mechanical couplers (N-and M-series, respectively) indicated that the N-and M-series with the same code (shear span-to-depth ratio and shear reinforcement ratio) exhibited similar behaviors: initial bending cracking, shear cracking, bonding cracking, and yielding of the shear reinforcement prior to that of the longitudinal reinforcement.
Lateral force-drift ratio relationship
The lateral force vs. drift ratio relationships and crack patterns for specimens N-1.5-0.7 and M-1.5-0.7 are compared in Fig. 5 . The maximum shear strengths of the other specimens are also summarized in Table 2 .
The maximum strengths of several M-series decreased slightly from the wide hoop spacing at mechanical splices; however, the negative effects were limited because the failure mechanisms were similar between the N-and M-series, except that there were more cracks on the couplers in the M-series, as shown in Drift ratio (%)
○：Initial bending crack □：Shear crack △：Bonding crack ×：First yield of shear reinforcement •：Maximum strength series was observed in specimen M-1.0-1.3, whose strength was approximately 12% lower compared to that of N-1.0-1.3. The specimens with the highest shear reinforcement ratio, including M-1.0-1.3, were more significantly affected by the proposed hoop arrangement because the spacing of the normal shear reinforcement (s in Table 1 ) was considerably smaller than the coupler length. Therefore, structural indices considering the wide hoop spacing are proposed in the following chapter.
3. Evaluation of the shear strength of shear-critical RC columns with wide hoop spacing at mechanical splices
Previous shear strength models
Many researchers have proposed shear strength models for RC columns over the past few decades. Three existing models were evaluated in this study: the Japanese Design Guideline model (AIJ 1990 ), revised UCSD model, and ASCE/SEI 41-06 model.
AIJ 1990
Based on the Japanese Design Guidelines (AIJ 1990), the shear strength of a member was evaluated by the sum of the contributions of the truss action t V and strut action s V , as shown in the following equations. The equations were adopted from a shear strength model described by Ichinose (1992) .
tan ( 
Revised UCSD model
The revised UCSD model was proposed by Kowalsky and Priestley (2000) . This model expresses the shear strength capacity of the member as the sum of three components: the concrete component c V , axial load component p V , and truss component s V , as shown in the following equations:
(for rectangular columns) (11) where α = 1 < (3 -M/VD) < 1.5; M/VD is the aspect ratio and is equal to ( / 2) / h D; UCSD β = (0.5 + 20 l ρ ) ≤ 1; l ρ is the longitudinal reinforcement ratio; γ is a coefficient that depends on the member displacement ductility ( μ ), as shown in Fig. 6 ; μ is the ratio of ul-
A is the gross cross-sectional area of the column; c is the neutral axis depth; a = h/2 for a column in anti-symmetric bending; P is the axial load;
cov is the concrete cover thickness; and UCSD θ is the angle of the truss mechanism, which can be taken as 30°, as prescribed in the original UCSD model (Priestley et al. 1994 ). ASCE/SEI 41-06 (ASCE 2007) provided Eq. 12 for the shear strength evaluation of RC columns.
ASCE/SEI 41-06 model
where k is a coefficient related to the displacement ductility, as shown in Fig. 7 ; λ = 1.0 for normal-weight concrete; u N is the axial compression force in pounds (= 0 in tension); / M Vd = 2 < a ratio of moment to shear times the effective depth < 4; d = D′ , which is permitted to assume d = 0.8 D ; y f = yh f ; and c f ′ is the compressive strength of concrete in psi for Eq. 12.
Proposal of indices to consider wide hoop spacing at mechanical splices
Assuming a number of hoops placed at the coupler region, as shown in Fig. 8(a) , is h n , the number of hoops placed at the top and bottom ends of couplers is 2 h n , as shown in Fig. 8(b) . To consider such detail in the proposed hoop arrangement, two variables were proposed: an equivalent area of shear reinforcements ( ve A ) and an equivalent spacing between shear reinforcements ( e s ). ve A is the gross area of intensive hoops, as defined in Eq. 13. e s is the sum of half spacing between the intensive hoops at both ends ( / 2 l′ ) and half spacing between the intensive hoops and the neighboring normal hoop ( / 2 s′ ), as defined in Eq. 14.
The proposed indices were applied for the M-series to modify w p in the equations of AIJ 1990, as shown in 3.3 Applicability of the proposed indices to shear strength evaluation To verify the applicability of the proposed indices, the shear strengths of the column specimens were evaluated by the previous shear strength evaluation models in Section 3.1 with and without consideration of the proposed indices. The shear strengths from the experiments (Q exp ) and calculations (Q cal ) are shown in Fig. 9 . In the figure, the white and black circles indicate the values for the columns with mechanical couplers applying the original v A and s and the proposed variables ve A and e s to the equations, respectively, whereas the red triangles indicate the values for the columns without couplers.
Focusing on the normal columns without couplers, the revised UCSD model resulted in the best agreement with the experimental strengths, whereas both AIJ 1990 and ASCE/SEI 41-06 models resulted in underestimations. Although the AIJ 1990 and ASCE/SEI 41-06 models provided preferable safety margins for practical design, the revised UCSD model was selected for the following shear strength evaluation in this study.
Subsequently, the applicability of the proposed variables was investigated by comparing between the strengths of the M-series calculated by the revised UCSD model without and with consideration of these proposed indices. The mean value of Q exp /Q cal using ve A and e s by Eqs. 13 and 14 was greater than that from the calculations using v A and s . In particular, the former value (0.99) provided a slightly higher safety margin than that for the N-series (0.96), whereas the latter value (0.93) could not address the strength reductions in the M-series because Eq. 11 based on v A and s yielded shear strength estimations for the M-series in the same manner as those for the N-series. 
Experiments of ductile RC columns with wide hoop spacing at mechanical splices
Experimental program 4.1.1 Specimens and material properties
Six specimens with a scale of 1/2 were designed to investigate the applicability of the proposed evaluation method to practical shear design for ductile columns, as shown in Fig. 10 . Five columns with M-series contained couplers for the jointing of longitudinal reinforcements, whereas those with N-3.1 had continuous longitudinal reinforcements without splices. Unit: mm Fig. 10 Details of the ductile column specimens.
All specimens had cross-sectional dimensions of 425 mm x 425 mm, a clear height of 1,275 mm and a shear span-to-depth ratio of 1.5. A common arrangement of longitudinal reinforcements was applied to all columns, which consisted of twelve screw thread rebars with a diameter of 16 mm and a grade of SD490.
The specimens with M-series were designed with variations in the shear reinforcement ratio from 0.3% to 1.3% to gain different shear margin ratios V n /Q mu of 1.2 to 3.1. These specimens were expected to yield in flexure prior to fail in shear. V n is the shear strength calculated by the revised UCSD model while applying the proposed indices mentioned in Section 3.2, where the lowest ductility is assumed to gain the highest γ (see Fig. 6 ). Q mu is the lateral force at the ultimate moment calculated based on the ACI stress block concept (ACI 2014) .
Specimens M-3.1 and M'-3.1 had couplers at different heights-500 mm (1.18 D) for M-3.1 and 425 mm (1.0 D) for M'-3.1-whereas V n /Q mu was kept the same. The goal for M'-3.1 was to investigate the effects of coupler overlap with the plastic zone at 1.0 D from the end of the column. Table 3 shows the specimen parameters. The material properties used in the specimens are shown in Tables 4 and 5.
Test set-up, instrumentation, and loading program
The test set-up was the same as shown in Fig. 3 . Reversed cyclic lateral loads were applied at the middle height of the specimen using the horizontal jack. However, the specimens were subjected to varying axial loads (P), which were controlled by the applied lateral loads (Q in the figure), as shown in Fig. 11 . An initial axial load was equal to 10% of the column compressive strength representing the long-term axial stress of the column. For loading in the positive direction, the axial load was controlled by a linear function of P=1.5Q+650 (kN) which was derived by connecting the point of initial axial load, P/( The lateral loading was controlled by a drift ratio of the column. Lateral loading history is shown in Fig. 12 . However, the loading was stopped when the specimens failed and could not support the axial loads. Figure 13 compares the shear force -drift ratio (R) relationships of all specimens. Their failure processes as well as the maximum strength Q max and ultimate displacement u Δ are also shown in the figure. The ultimate displacement was conventionally defined as a drift at which the column post-peak strength dropped to 80% of the maximum value. Table 6 shows the list of major events observed during the tests. Figure 14 shows the final damage states of the specimens. Specimens M-1.2 and M-1.4 exhibited flexure-shear failure, whereas the other specimens exhibited flexural failure. Lower ultimate displacements were observed for the columns with less shear reinforcement.
Experimental results and discussion
The extensive shear cracks on M-1.2 and M-1.4 occurred at the middle to bottom of the column and at the top, respectively, as shown by dotted red lines in Fig.  14(a) and Fig. 14(b) . Aggregate settlements might occur at the bottom of the column in M-1.4, which was likely to result in the shear failure at the top.
Specimens M-2.0, M-3.1, M'-3.1, and N-3.1 exhibited the flexural failure with higher ductility. The specimens with the same amount of shear reinforcement, M-3.1, M'-3.1, and N-3.1, exhibited similar experimental behavior and performance. However, the joint located closer to the flexural hinge at the column bottom in M'-3.1 reduced the ultimate displacement by approximately 4% compared to that of M-3.1. Application of the joint location > 1.0 D applied to M-3.1 was recommended because its ultimate displacement was approximately equal to that of N-3.1 with continuous longitudinal reinforcements. Figure 15 shows a conceptual drawing for the seismic performance evaluation of RC columns. Combining the shear strength envelope with the flexural capacity envelope, the failure pattern can be classified into three modes: (1) ductile flexural failure; (2) flexure-shear failure with moderate ductility; and (3) brittle shear failure.
Seismic performance evaluation of ductile RC columns with wide hoop spacing at mechanical splices
To evaluate the column seismic performance based on this concept, the shear capacity was obtained using the revised UCSD model while applying the proposed indices in Sections 3.2. These indices were also applied to the specimen M-1.4 in spite of the shear failure at the top without couplers, assuming a realistic design process where the shear capacity is likely to be evaluated at the critical coupler region.
The column flexural performance was idealized in a typical manner for conventional columns without a mechanical coupler, as shown in Fig. 16 . The flexural strength was calculated while applying the ACI stress block method (ACI 2014) but multiplied with a flexural strength enhancement factor proposed by Priestley et al. (1987) , as defined in Eq. 16. This flexural strength enhancement factor considered the confinement effect on concrete as well as the strain hardening of the flexural reinforcement. The lateral force corresponding to the column ultimate moment in antisymmetric double curvature was calculated by Eq. 17: ; S E is the modulus of elasticity of longitudinal reinforcement; y c c = ; and SP L is the strain penetration length.
Flexure-shear failure occurs when the flexure capacity curve intersects the shear capacity curve after yielding of the longitudinal reinforcement. The ultimate displacement u Δ can be defined as a displacement at the intersection of two envelope curves representing the shear and flexural performance, as shown by the black circle in Fig. 15 .
Ductile flexural failure occurs when the flexure capacity curve is lower than the shear capacity curve. Thus, there is no intersection point between these envelope curves. The experimental results explained in the previous section showed that flexure-dominated columns, M-2.0, M-3.1, M'3.1, and N-3.1, reached the ultimate displacements after buckling of the longitudinal reinforcement, as shown in Figs. 13c-13f and 16 . Therefore, the ultimate displacement of these flexuredominated columns were estimated as a displacement at the onset of longitudinal reinforcement buckling based on the previous study as follows. Berry and Eberhard (2005) proposed equations to estimate the displacement at the onset of longitudinal bar buckling ( bb Δ ), as defined by Eqs. 22 and 23. The equations were verified with the experimental displacement at bar buckling ( The parameters of the ductile columns tested in the current study were similar to the structural parameters of the rectangular columns in Berry and Eberhard (2005) . Consequently, applying the value of bb Δ as the ultimate displacement for flexure-dominated columns tested in this study yielded a strong agreement with the test result, as shown in Figs. 17c -17f . for the rectangular column. Figure 17 compares the calculated shear and flexural performance curves with the skeleton curves from the experiments. The shear capacity envelopes are drawn depending on the member displacement ductility ( μ ), as shown in Fig. 6. In Fig. 17 , the black circles indicate the ultimate displacement of u Δ at shear failure estimated by the idealized shear and flexural capacities, whereas the black triangles show the ultimate displacement of bb Δ at the onset of the longitudinal bar buckling. Compared with the red circles, which indicate the observed ultimate displacements from the experiments in the figure, the ultimate displacements at shear failure for M-1.2 and M-1.4 could be accurately predicted by the presented scheme while applying the proposed indices in Sections 3.2. Furthermore, the ultimate displacements at longitudinal bar buckling, which were estimated by Eqs. 22 and 23 by Berry and Eberhard (2005) , were verified to be consistent with the experimental results.
Conclusions
The following conclusions were obtained from the experimental study and the performance evaluation of the RC columns with wide hoop spacing at mechanical splices proposed in this paper: 1. The experimental study of the first series verified that the application of RC columns with wide hoop spacfirmed that the application of the proposed hoop arrangement had less negative effects on the seismic performance of ductile RC columns if the location of rebar jointing was outside of the plastic zone (> 1.0 D). 4. The proposed shear strength evaluation method had strong applicability to estimate the seismic performance of ductile RC columns with the proposed hoop arrangement in combination with conventional methods to evaluate the flexural performance.
